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ABSTRACT

Fatigue crack propagation studies were conducted on
three new high-strength structural steels: 9Ni-4Co0-0.20C,
quenched and tempered; 10Ni-2Cr-1Mo-8Co, dual strength-
ened; and 13Cr-8Ni-2Mo, precipitation-hardened stainless.
The yield strengths of these steels ranged from 176 to 193
ksi. Notched cantilever-bend specimens of each steel were
cycled zero-to-tension in two environments — room air and
3.5% NaCl salt water. Fatigue crack growth rates were
measured experimentally and correlated with the crack tip
stress-intensity factor range. The results indicate that
these new steels possess greater resistance to fatigue
crack propagation and less sensitivity to environment than
previously studied steels of comparable strength.

PROBLEM STATUS
This report covers one phase of the problem; work is
continuing. '
AUTHORIZATION
NRL Problem MO01-25

Projects SF 51-541-003-12383 and
RR 007-01-46-5432
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CORROSION-FATIGUE CRACK PROPAGATION STUDIES OF SOME NEW

HIGH-STRENGTH STRUCTURAL STEELS

NOMENCLATURE
a flaw depth (machined notch plus fatigue crack)
B specimen thickness (nominal thickness not including side grooves)
C material constant
2c length of embedded surface crack
D specimen width
da/dN crack extension per cycle of loadA(fatigue crack growth rate)
K fracture mechanics stress-intensity factor
AK stress-intensity factor range (maximum K minus minimum K)
K hax maximum stress-intensity factor
Kie critical stress-intensity factor for initial crack instability in plane strain
(plane strain fracture toughness)
Kiseo threshold stress intensity factor for stress-corrosion cracking in plane
strain
m numerical exponent
R load ratio (minimum load:maximum load)
r, crack tip plastic zone size
SEN single edge notched
Oys 0.2%-yield-strength stress
Ao cyclic stress range
INTRODUCTION

The evolution of high-strength structural steels has essentially proceeded in three
phases. Initial efforts involved quenched-and-tempered steels with sufficient carbon
content to produce high strength levels and sufficient alloy content for through harden-
ability in relatively thick sections. Structural experience with these early high-strength
steels was plagued by numerous dramatic failures, due to brittle fracture, fatigue, or
stress corrosion. The second phase of development involved efforts to improve fracture
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toughness. New steels, such as maraging steels with minimum carbon content, were in-
troduced, and processing techniques were improved through procedures such as vacuum
melting. However, many of these newer steels remained highly susceptible to stress-
corrosion cracking. The third and current phase is aimed at the development of high-
strength, high-toughness steels that combine the best metallurgical features of the pre-
vious alloy systems and are also more resistant to stress-corrosion cracking.

This report concerns recent studies of corrosion-fatigue crack propagation in three
new high-strength structural steels: 9Ni-4Co-0.20C, quenched and tempered; 10Ni-2Cr-
1Mo-8Co, dual strengthened; and 13Cr-8Ni-2Mo precipitation-hardened stainless. The
purpose of this study was to establish the fatigue characteristics of these new steels on a
comparative basis with previous work on older steels (1,2).

MATERIALS AND PROCEDURES

The chemical, metallurgical, and mechanical descriptions of the steels under inves-
tigation are summarized in Tables 1 through 3.

Table 1
Chemical Composition
Chemical Composition (wt-%)
Alloy
C Mn P S Si Ni Cr Mo Co v Al

9Ni-4Co- 0.17-(0.20- | 0.010|0.010|0.10 |8.50-| 0.65-|0.90- {4.25-|0.06-| —
0.20C* 0.23 [0.40 |max. |max. {max. {9.50 | 0.85 |[1.10 |4.75 |0.10
10Ni-2Cr- 0.12 |0.094|0.003 |0.007/0.030(9.88 | 2.09 {1.05 {7.96'| — |0.002
1Mo-8Co
13Cr-8Ni- 0.042 [ 0.02 |0.003 [0.004|0.02 [8.07 |12.58 |2.06 - - |1.11
2Mo

*Manufacturer's specifications.

Table 2
Processing and Heat Treatment
Alloy Remarks
9Ni-4Co0-0.20C Consumable-electrode vacuum melted

Highly cross-rolled to 1-in. plate
Mill quenched and tempered

10Ni-2Cr-1Mo-8Co Vacuum-induction melted and vacuum arc remelted

Rolled to 1-in. plate

Mill heat treated: austenitized at 1500°F for 1 hour, water
quenched, aged at 950°F for 7 hours, water quenched

13Cr-8Ni-2Mo Vacuum-induction melted and vacuum-electrode remelted
Rolled to 1-in. plate
Mill solution annealed and NRL aged at 1050°F for 4 hours
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Table 3
Tensile and Impact Properties

0.505-In.-Diam Tensile Test Data
Fracture C, Energy
Alloy Path Elong. in at 30°F
. . % | 0.2%YS | UTS R.A.
Orientation (ksi) (ksi) 2 In. %) (ft-1b)
(%)
9Ni-4Co0-0.20C WR 183.0 201.3 17.8 66.0 60
RW — — - - -
10Ni-2Cr-1Mo-8Co WR 193.3 208.0 16.5 69.5 68
RW - — — - 80
13Cr-8Ni-2Mo WR 176.1 182.5 18.5 69.8 51
RW 176.5 183.0 17.7 68.5 56

*RW = transverse; WR = Longitudinal as defined in Ref. 3.

Fatigue crack propagation characteristics were investigated using single-edge-
notched (SEN) specimens cycled under constant load, zero-to-tension, in cantilever
bending at 5 cpm. A detailed drawing of the fatigue specimen is shown in Fig. 1. The
test section has nominal dimensions of 2.5 in. wide and 0.5 in. thick. The net thickness

is reduced to 0.45 in.

by side grooving, which acts to suppress shear lip formation and

promote a straight crack front. The edge notch is nominally 0.5 in. deep, and fatigue
crack propagation is allowed to extend the flaw to a maximum total depth of 1.5 in.
(a/D = 0.6). Measurements of fatigue crack length are performed by a slide-mounted
optical micrometer focused on the root surface of one side groove.

UNBROKEN LIGAMENT 0.45"
SIDE -GROOVES 0.025" DEEP x 45°

0.50"4 0.010" ROOT RADIUS
r L J L ‘
[ : -_—_T:m:* : — . - - 0.90"
l——'z.so“»Lz.so"——l K
16.50"
8.00" NOTCH .
/‘ 0.062" WIDE x 0.50"DEEP
z.fo"
= 17.25"

Fig. 1 - Details of the fatigue specimen
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As the crack propagates through the test section under constant load, the stress-
intensity factor range increases, thus producing a range of crack growth rates for study.
Specimens were cycled until the maximum flaw size of 1.5 in. was grown, unless gross
yielding occurred first. Continuous moment arm deflection measurements, displayed on
a strip recorder, indicated the onset of gross yielding. None of the specimens employed
in this investigation failed by brittle, instability fracture. Stress-intensity factor values
were computed using Kies's equation (4).

RESULTS AND DISCUSSION

The fatigue data presented in this report are expressed in terms of the crack growth
rate da/dN as a function of the stress-intensity factor range AK. This method of data
presentation is preferred, because it is a generalized means of expressing fatigue crack
propagation data. A growth rate analysis based on stress-intensity can be translated
from laboratory specimens to structures, since it can be restated in terms of specific
stress levels and flaw sizes.

Efforts to apply linear elastic fracture mechanics to fatigue crack propagation were
initiated by Paris and Erdogan (5). A significant amount of evidence now exists in sup-
port of many of their early conclusions (6). In generalized form, fatigue crack growth
rates can be expressed as a function of the stress-intensity factor range:

da/dN = C(AK)". (1)

The values of C and m vary with the material and the load ratio (6-8). For steels,
m can vary from values slightly greater than 2 to values exceeding 6 (1,2,9-14). For
high-strength, high-toughness steels cycled zero-to-tension (R = 0), such as those stud-
ied in this investigation, m has been found to vary from approximately 2 to 4. Values of
m significantly greater than 4 occur principally in low-toughness steels (10,13) or at
higher AK levels approaching instability (10,11,15).

There is little evidence to suggest that the stress state (i.e., plane stress or plane
strain) is a significant variable in fatigue ecrack propagation (6,16). However, plane
strain restraint at the crack tip is a necessary condition for stress-corrosion cracking
to occur (17); therefore, some consideration of the stress state should be included in
corrosion-fatigue studies of materials, such as high-strength steels, which are sensitive
to stress-corrosion cracking.

The degree of restraint existing at the crack tip is measured by the relative size of
the plastic zone in relation to the dimensions of the test specimen. For the specimen
employed in this investigation, the critical specimen dimension is the thickness. Figure
2 shows the plastic-zone-size-to-thickness ratio versus AK for the specimen and mate-~
rials employed in this investigation. Two curves are shown; the upper curve refers to
the plane stress plastic zone for monotonic loading,

Ty =%T'(AK/O'ys)2, (2)

and the lower curve refers to the plastic zone size in fatigue, as estimated by Paris to
be 1/4 as great (6):

r, = o= (8K/0,0)". (3)
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R = O(AK=Kyax)

CALCULATED PLASTIC ZONE SIZE TO THICKNESS RATIO

0
20 40 60 80 100 120 140 160
STRESS-INTENSITY FACTOR RANGE, AK(Ksi /in)

Fig. 2 - Calculated plastic-zone-size-to-thickness
ratio as a function of stress-intensity factor range
for a 0.50-in.-thick specimen of a 185-yield-
strength material. The upper curve refers to
plane stress monotonic loading, and the lower
curve refers to fatigue loading. The limiting con-
dition for plane strain, as defined by the ASTM
Committee E-24, is indicated by the dashed line.

In addition, on Fig. 2 the upper limit for plane strain conditions as established by ASTM
Committee E-24 for fracture toughness testing (18),

B = 2.5(AK/cys)2, (4)

is indicated by the dashed line. Based on Eq. 3 for plastic zone sizes in fatigue, it would
appear that all of the data presented in this report were obtained under plane strain con-
ditions. The AK values reported are not corrected for plasticity, because the correc-
tions involved using Eq. 3 are very small. All of the higher AK values reported were
obtained from relatively deep flaws (a/D = 0.4 — 0.6), where r, was very small in pro-
portion to a.

The fatigue results are shown in Figs. 3 through 5. These are log-linear plots of
da/dN (log scale) versus AK (linear scale). The open symbols denote data from air en-
vironment tests, and the closed symbols denote data from saltwater environment tests.
Log-linear coordinates were chosen, rather than the more commonly used log-log
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Fig. 3 - Log-linear plot of fatigue crack growth
rate data as a function of stress-intensity factor
range for 9Ni-4C0-0.20C steel in air and saltwater
environments.

coordinates, because the authors feel that the environmental effects were more clearly
illustrated.

Several observations are apparent from the data presented on Figs. 3 through 5.
First, these steels are not highly fatigue sensitive to the saltwater environment. Look-
ing back at high-strength, quenched-and-tempered steels of the 4340 type studied just a
few years ago (19,20), considerable progress has been made in improving the corrosion-
fatigue crack propagation resistance of high-strength steels. Fatigue crack growth rates
in 4340-type steels can increase by more than a factor of 10, due to the presence of a
salt water environment. In contrast, the maximum environmental effects observed in the
new steels studied in this investigation involved fatigue crack growth rates which were
increased by factors of 2 to 3. Second, in each case the greatest environmental effects
occurred at low AK levels, near 40 ksi ~in. Environmental effects decreased as AK
increased above this value; in each case, data for the two environments merged at higher
AK values. This pattern of behavior has been observed previously in recent studies of
similar steels (1,2). There may be some significance in the fact that convergence of the
air and saltwater environment fatigue data occurs, in each case, near the upper stress-
intensity limit for plane strain in monotonic loading, as shown in Fig. 2. A further in-
vestigation of this phenomenon, using thicker specimens with a higher limiting plane
strain stress-intensity, is being undertaken.
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Fig. 4 - Log-linear plot of fatigue crack growth
rate data for 10Ni-2Cr-1Mo-8Co steel. Note that
specimens were tested in two fracture path orien-
tations — longitudinal and transverse.

Plane strain fracture toughness K. and stress-corrosion cracking Krsce tests
have not been performed on these specific samples of each material. However, typical
values for these alloys (21-23) place the K;. levels well above the upper limit of AK
values encountered in this fatigue research program and the Krscc levels at or near the
upper limit. Hence, the maximum stress-intensity value used to propagate the erack by
a fatigue growth mechanism was less than the critical stress-intensity values below
which stress-corrosion cracking or plane strain fracture cannot conceivably occur. It is
significant that the greatest environmental effects observed under cyclic loading occurred
far below the stress-intensity levels required for stress-corrosion cracking under a
static load. This strongly suggests that environmentally-assisted fatigue should be
viewed as a separate phenomenon from stress-corrosion cracking. From a practical
point of view, these results suggest that the most important effect than an aggressive
aqueous environment may have on the structural application of these alloys is to accel-
erate the growth of small defects, thus possibly eliminating an important early phase in
the fatigue life of a structure.

Among the steels studied, only the 10Ni alloy was tested in two fracture path orien-
tations — longitudinal (WR) and transverse (RW). Each of the other alloys were tested
only in the WR orientation. Figure 4 indicates there were some effects due to anisot-
ropy in the saltwater environment, but none were apparent in the air environment. This
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Fig. 5 - Log-linear plot of fatigue crack growth
rate data for 13Cr-8Ni-2Mo PH stainless steel

agrees with previous studies on high-strength steels (20), although significant anisotropy
effects in steels fatigued in an air environment have been observed in forged steels (9,14).

The 10Ni data shown in Fig. 4 indicate that at higher AK levels crack growth rates
were lower in salt water than in air. This phenomenon is considered by the authors to
be indicative of an absence of environmental sensitivity but is not an indication of im-
proved fatigue performance in salt water. A possible explanation may lie in a favorable
degree of crack blunting caused by the corrosive environment under the particular con-
ditions of the test.

On a comparative basis, the 9Ni and 10Ni alloys studied appear to be nearly equal in
corrosion-fatigue performance. The precipitation-hardened stainless alloy exhibited the
greatest sensitivity to environment. However, this alloy possesses fatigue properties
nearly identical to a 12Ni 180-grade maraging steel previously studied (1,2,24). The re-
sults of this previous study on three steels clearly indicated the 12Ni alloy to be superior
among that initial group. Thus, it would appear that improved corrosion-fatigue crack
propagation characteristics are resulting from efforts to improve fracture toughness and
stress-corrosion cracking resistance in 180-ksi yield-strength steels.

A summary of the air environment fatigue data for the three steels studied is shown
plotted on log-log coordinates in Fig. 6. The data for the 9Ni and 10Ni alloys follow a
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common curve for all practical purposes. The PH stainless alloy tends to be slightly
below the other two alloys. A slope of 2.5:1 is shown for reference.

One of the advantages of expressing fatigue crack growth rate ‘data as a function of
AK is that it can be restated in terms of stress levels and flaw sizes. Figure 7 shows
one translation of the fatigue crack growth rates into structural parameters of flaw size
and stress level. This example is presented because it improves the visibility of the
general fatigue situation and provides a qualitative estimate of potential fatigue failure
for the stress levels and flaw sizes that might be encountered in service. The stress
level-flaw size relationships for failure by instability fracture in these and similar al-
loys are given in Ref. 25. Some discussion of stress level-flaw size interpretations of
stress-corrosion cracking failure is given in Ref. 22.

Figure 7 is a linear plot of cyclic stress level versus flaw depth showing three con-
tours of constant crack growth rate (AK = constant), based on the data summarized in
Fig. 6. Contours for da/dN = 10, 100, and 1000 p-in./cycle are shown and represent
slow, medium, and fast growth rates with respect to low-cycle fatigue. The curves apply
to a semicircular-shaped surface flaw in a plate loaded axially from zero-to-tension.
The fracture mechanics analysis of surface-cracked plates to simulate structural failure
situations is discussed in Ref. 26.

The curves shown apply only to the specific conditions described. Aqueous environ-
ments, tensile mean loads (tensile residual stresses), or changes in flaw shape (a/2c <
0.50) can all act to shift these curves downward and to the left, i.e., to lower stress
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Fig. 7 - Cyclic stress level versus flaw depth relationships showing
the locus of constant fatigue crack growth rates (constant AK levels).
The curves are based on air environment data for the three steels
studied and apply to the predicted behavior of a semicircular sur-
face flaw in a plate loaded axially zero-to-tension.

levels and/or smaller flaw sizes. Therefore, it can be seen that, although these steels
possess some of the best fatigue resistance presently available, crack growth will occur
fairly rapidly at the high stress levels of which these alloys are capable.

CONCLUSIONS
The following conclusions have been reached from this study:

1. The 9Ni-4Co0-0.20C and 10Ni-2Cr-1Mo-8Co alloys exhibited less sensitivity to
saltwater environment than the 13Cr-8Ni-2Mo PH steel. The two former stéels pos-
sessed nearly identical fatigue crack propagation characteristics, measured as a func-
tion of stress-intensity, in both the ambient air and 3.5% NaCl salt water environments.

2. The 13Cr-8Ni-2Mo precipitation-hardened stainless steel exhibited somewhat
greater sensitivity to the saltwater environment than did the other alloys studied. How-
ever, the results obtained from this study indicate that these three new steels possess
significantly greater resistance to fatigue crack propagation and less sensitivity to envi-
ronment than previously studied steels of comparable strength.

3. For each steel, the greatest sensitivity to environment occurred at low stress-
intensity levels, near 40 ksi ~in., which is far below the stress-intensity threshold level
necessary for stress-corrosion cracking to occur. Environmental sensitivity decreased
with increasing stress-intensity, and convergence of data from both air and saltwater en-
vironments occurred at higher stress-intensity levels in all three steels.
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4. The fatigue crack propagation characteristics of all three steels in air were sim-
ilar, agxdsthe data fell along a narrow scatterband described by the relationship da/dN =
C(AK)*>,

5. A graphical display of the relationships between flaw size, stress levels, and
fatigue crack growth rates indicates that these materials have good resistance to the
growth of flaws of readily detectable sizes, even at stress levels approaching yield
strength.
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